Multilayer diffusion and capillary condensation of propylene on supported y-alumina films greatly improved the permeability and selectivity. Multilayer diffusion, occurring at relative pressures of 0.4 to 0.8 strongly increased the permeability to 6 times the Knudsen permeability, yielding permeabilities of 3.2 x 10m5 mol/m'-see-Pa. The occurrence of a maximum in the permeability coincides with blocking of the pore by adsorbate (capillary condensation). This point could be predicted, employing adsorption data and the slit shape form of the pore. Separation factors of 27 were obtained with a Na-CsHs mixture and a supported y-alumina film, with CsHs the preferentially permeating component. This very effective separation is due to pore blocking by adsorbate. The separation factor increased to 85 after modification of the system with magnesia by the reservoir method. However, the permeability of propylene decreased by a factor of 20 to 1.6 x 10e6 mol/m'-see-Pa.
Introduction
In previous articles the synthesis of ceramic y-alumina membranes has been presented pore size has been proposed [3]. Gas separation with the non-modified as well as the modified membranes is possible by employing Knudsen diffusion [4] and surface diffusion [5] . However, these separations have a relatively low selectivity. Therefore, other separation mechanisms should be considered.
Multilayer adsorption and capillary condensation are well-known physical effects, studied and employed in many fields like catalysis and sorption technology. This article will study multilayer adsorption in combination with diffusion and capillary condensation as a means to separate condensable and non-condensable gases with the aforementioned y-alumina membranes.
Very few reports exist on the use of multilayer diffusion/capillary condensation as a separation mechanism. Asaeda et al. [ 6-81 used a 10 pm thick alumina membrane modified with non-calcined silicates to separate alcohol/water gaseous mixtures by vapor permeation and pervaporation. Separation factors for ethanol/ water mixtures exceeding 60 were found, with water being the preferentially permeating component. Such high separation factors are due to pore blocking by the condensed component (water). However, the temperature at which these membranes can be used is limited to 90-100' C, due to the materials used.
Although the static behavior of capillary condensate is relatively well understood [ 91, its dynamic behavior has been much less studied. It is very difficult to compare the scarce experimental data with theoretical predictions of the flow of adsorbable gases in the presence of capillary condensation reported in literature [lo- 131. Qualitatively two aspects emerge from all data. The multilayer diffusional flux is much larger than the gas phase flux (e.g. up to 20 times larger in the case of Freon on Vycor glass). The second important aspect is that by capillary condensation a pore is blocked by condensate, preventing gas transport of other components of the gas/vapor mixture. Both aspects can result in increased selectivities.
The occurrence of multilayer diffusion and capillary condensation is mainly dependent on the relative pressure of the vapor (the ratio of the absolute pressure to the saturation vapor pressure). The relative pressure obviously is dependent on temperature and pressure. A third variable is the (mean) pore size of the membrane. Smaller pore sizes will give rise to multilayer diffusion at lower relative pressures. This parameter will be studied by modifying a y-alumina membrane with magnesia, as described earlier [ 
31.
First a qualitative model from the literature will be presented. Subsequently permeability data of propylene and nitrogen will be given as a function of the relative pressure of propylene. The membrane used is a supported y-alumina thin film. These permeability data will be discussed, using the qualitative model. Separation data for a propylene/nitrogen mixture will be presented and compared to the permeability data. Finally similar experiments performed on a magnesia modified supported y-alumina thin film will be described. A comparison with the non-modified y-alumina film will be made to demonstrate the influence of the microstructure on the separation properties.
Theory
Multilayer adsorption occurs when a species is adsorbed in several layers. This is an extension of monolayer adsorption. Surface diffusion models, which are usually valid for up to monolayer coverage can be extended to include multilayer diffusion. Two well-known models incorporating multilayer diffusion are the hydrodynamic model [14, 15] and the hopping model [ 161. The first model considers the multilayer flux as a two-dimensional fluid, 'slipping' over the surface. The second model considers the flux by (non-correlated) jumps of adsorbed molecules from site to site, where the sites are not necessarily non-occupied. Details and mathematical descriptions are given in the literature [ 171.
As soon as capillary condensation coexists with multilayer diffusion, the transport behavior changes. The permeability for vapor flow is much higher than for liquid flow [ 11,15-191. Consequently the permeability will drop as soon as all pores are filled with liquid. A plot of permeability versus relative pressure can be expected to resemble Fig. 1 . Due to monolayer and subsequent multilayer diffusion, the permeability will increase until a maximum is reached as capillary condensation starts and a liquid meniscus is formed. After this point the permeability decreases due to the liquid transport contribution. This qualitative picture was illustrated by Lee and Hwang [ 191. They used six different flow modes, schematically presented in Fig. 2 . The pressures P, and P2 are the upstream and downstream pressures respectively (PI > Pz) .
The capillary condensation pressure P, at temperature T is predicted from the Kelvin equation:
where p is the density of the condensate (kg/ m3), PO the temperature dependent saturation vapor pressure for a planar interface (Pa), 0 the interfacial tension (N/m), 8 the contact angle and r the radius of a cylindrical capillary. The layer thickness of adsorbate ti (see Fig. 2 ) at a certain pressure Pi and temperature T is predicted by: where q (P,T) is the amount adsorbed (g/g), V, the specific volume of the adsorbate ( m3/g> and SW the specific surface area of the sample (m"/g) . The amount adsorbed can be predicted from e.g. the BET equation [ 201:
where qm refers to the monolayer adsorption (g/g), C is the BET constant and P, the relative pressure (P/PO). The relative pressure depends on pressure as well as temperature. Equation (3 ) can be applied in a range of temperatures and pressures. Physically t represents the thickness of the layer adsorbed on an infinite flat plate of a non-porous reference sample, equal to the porous medium.
The six possible flow modes (Fig. 2) for a cylindrical capillary in case of multilayer diffusion and capillary condensation can be explained as follows. Mode 1 in Fig. 2 represents the multilayer diffusion stage. The upstream and downstream pressure are smaller than the capillary condensation pressure. The adsorbate layer thickness is smaller than the pore radius. Mode 2 represents the case where capillary condensation occurs at the upstream side (thus P, > P,) . A stable meniscus is present at the upstream side (thus t1 CT). The downstream pressure P2 is however still smaller than the capillary condensation pressure. Consequently somewhere inside the pore the capillary pressure Pt is reached (P, > P, > Pz ) . At this point another meniscus occurs, but the matching adsorbate layer thickness (eqn. 2) is smaller than tl. As the pore is slowly filled with liquid upon increasing P2 mode 3 is reached.
Here capillary condensation exists downstream (Pz>P,, tz < r) and the whole pore is filled with liquid. If the upstream pressure is further increased but the downstream pressure remains smaller than the capillary condensation pressure, mode 4 is obtained. The upstream end of the pore will be filled with bulk condensate ( t1 > r). Mode 5 is the limiting case of mode 4. Now the whole pore is filled with condensate (Pz > Pt, t2 < r) . Mode 6 finally presents the case where the whole pore is filled with bulk condensate ( t2 > r ).
A flow mode can now be ascribed to each combination of pressure and temperature in cases where multilayer diffusion and capillary condensation exist. To each of the above described flow modes, mathematical formulations can be applied. They are presented elsewhere [ 17,191. In this article the model is used only semi-quantitatively.
The saturation vapor pressures of propylene, used throughout this article, have been calculated by [ 211: 785 log&', = 6.8196 -(247 + t, ) with P,, the saturation vapor pressure (mmHg) and t' the temperature ( "C! ).
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Experimental procedures
Supported y-alumina thin films were made using the slipcasting technique [2] . A supported y-alumina thin film was modified with magnesia according to the reservoir method [ 31. The whole system was impregnated with a 0.12 M Mg( NO,), and 0.24 M area solution, dried at 40" C for 3 hr and reacted at 90°C for 3 hr. After the reaction, the system was calcined at 380' C for 3 hr. The whole impregnation cycle was repeated twice after the first treatment.
Permeability measurements were performed using several gases, employing a constant feed flow while determining the pressure difference across the membrane [ 171. The temperature of the membrane was varied between -70 and + 50' C, controlled by a cryostate. Adsorption measurements of propylene on y-alumina were carried out using a Cahn 2000 therm0 balance. The sample was first weighted and placed in the balance. After degassing at 200" C and 5 Torr overnight, the sample weight was determined again. The temperature was set at O"C, controlled by an ice bath. Then propylene was admitted and the weight increase determined. This was repeated for several pressures up to atmospheric conditions. Separation experiments were performed using the equipment illustrated in Fig. 3 . The upstream side contains a gas mixture (cylinders 1 and 2) the composition of which is controlled by Brooks type 5051 mass flow controllers (4,5). This gas stream is fed through a packed bed (9) to the membrane cell (10). The upstream pressure is monitored by a pressure transducer (7) and controlled by a needle valve (11). The downstream side has no mixture option. It is fed to the membrane cell (see Fig. 3 ) through a packed bed (9). The downstream pressure is controlled by a needle valve (12) and monitored by a pressure transducer (8), which gives the pressure difference between the upstream and downstream side. The tempera- ture of the membrane cell and packed beds can be controlled by an oven or cryostate (dashed line). Finally the upstream and downstream flows are sampled using a ten way sample valve (13) and analysed by a gas chromatograph (14). This set-up enables Fnalysis of the feed flow (upstream flow) and the permeate flow (downstream flow).
Multilayer diffusion/capillary condensation experiments were carried out, using this apparatus. A vacuum pump was attached to the low pressure side after the ten way sample valve such that the permeate flow could still be sampled. This lowers the ratio of downstream to upstream pressures and minimizes the effect of backdiffusion [ 4,171. A feed mixture of 6 l/min, consisting of 60% propylene and 40% nitrogen, was used. The amount of 6 l/min ensures that the feed flow is at least 9 times larger than the permeate flow through the membrane. It was assumed that no concentration gradients existed across the membranes at the feed side. To reduce the effect of concentration polarization, 200 ml/min helium was used downstream as a sweep gas in a countercurrent fashion.
Results and discussion
Supported y-alumina thin films Multiluyer diffusion/capillary condensation of propylene: permeability
In all the gas transport experiments described in this section a two layer support was used. This support consisted of a 2 mm thick support (pore diameter 5 pm, porosity 40% ) on top of which a 30 pm thick intermediate layer (pore diameter 0.2 pm, porosity 45%) was deposited. A 5 pm thick y-alumina film was synthesized on this support. In this configuration the resistance to gas and vapor phase transport is determined by the y-alumina toplayer only and not by the support. All experimentally determined transport properties therefore can be assigned directly to the y-alumina film. Figure 4 presents the helium and propylene permeability for this system at 263 K. Two things become clear from this figure. First the pressure independent permeability of helium (equal to 7.6 x 10m6 mol/m2-set-Pa) demon- strates that the toplayer contains no defects (transport by Knudsen diffusion only). Second, the experimentally observed permeabilities of propylene are up to 9 times higher than the propylene permeability predicted from the helium permeability (2.3 10m6 mol/m2-see-Pa) using the Knudsen diffusion assumption. Moreover, the dependence of the propylene permeability on the relative pressure agrees with the theoretical prediction (Fig. 1) . Thus, first the propylene permeability increases due to multilayer diffusion. A maximum is reached, where most pores are filled with condensate. After this maximum, the permeability decreases again. part of the transport is now by liquid flow, which will decrease the total flow, as discussed in the previous section. If the relative pressure is decreased again (desorption mode), the permeability starts to rise until a maximum is reached. This maximum is reached at lower relative pressures than in the adsorption mode. At this maximum, the liquid disappears and the transport mechanism is again multilayer diffusion. This qualitative model can be further elaborated with the model of Fig. 2 , provided an estimate of the adsorbate layer thickness is made according to eqns. (2 ) and (3 ) (the BET equation). For this purpose, a study on the adsorption behavior of propylene on y-alumina has been performed. Table 1 gives adsorption data of propylene on y-alumina at 273 K. These data can be transformed into a BET plot by the use of eqn. specific surface area of the y-alumina film is 250 m2/g [2] . The specific volume of propylene, calculated from its liquid density at 263 K, is 0.54 g/cm3 [ 22 1, resulting in a specific volume of 1.85 x lop6 m3/g. Substitution of the specific volume and surface in eqn. (2 ) gives:
where q is estimated from eqn. (5). From eqn.
(6) and the experimental data of Fig. 4 , more insight can be gained in the transport behavior of propylene, as will be shown. Table 2 summarizes the relevant data for the 'The mean pore radius is assumed to be 1.5 nm.
adsorption branch of Fig. 4 , applied to the model of Fig. 2 . The upstream and downstream pressure and the permeability have been determined experimentally. The capillary condensation pressure Pt, estimated from the desorption branch of Fig. 4 , is 0.67 P,,. The adsorbate layer thickness has been calculated from eqn. (6). The flow modes (last column) have been designated according to the conditions of pressure and adsorbate layer thickness in Fig. 2 . According to Fig. 2 , capillary condensate forms in mode 2. This is also the point where the maximum permeability should be found. However, Table 2 shows this is not the case for the propylene permeability. Theoretically capillary condensation should start at an upstream pressure of 284 kPa (P,= 0.67, mode 2)) but the observed maximum permeability is found at the upstream pressure of 326 kPa (P,= 0.77, mode 5).
This apparent discrepancy could be attributed to the slit shape of the pores in the y-alumina matrix. Previously it has been shown that a pore in the y-alumina film is rectangular, with the length much larger than the width [2, 3] . The multilayer adsorption process of propylene in such a pore can be compared to filling the space between two parallel, infinite plates. Capillary condensation does not occur in the adsorption mode. At a certain pressure, the adsorbate layers of the two separate plates meet; at this point the pore is filled with liquid and the adsorbate layer thickness should become equal to or larger than the pore radius of the slit shaped pore. The mean pore radius in the y-alumina film is 1.5 nm. Table 2 shows that the first point where the adsorbate layer thickness is larger than the pore radius is at P1 = 326 kPa. This is also the point where the highest permeability is found. Thus the slit shaped pores of the y-alumina are filled with layers of adsorbate, until the layer thickness has become larger than the pore radius. This is the point where condensate has filled the pore, corresponding to a maximum in permeability. In terms of the model in Fig. 2 , one could say mode 2 does not exist in slit shaped pores in the adsorption mode.
The preceding discussion on the propylene permeability concerned the adsorption branch. However, the evolution of the permeability in the desorption branch can be explained following the same line of reasoning. In this case, condensate has already formed. The y-alumina film is slowly emptied of liquid upon decreasing the relative pressure. This decreases the contribution of liquid transport and thus increases the permeability. At the point where the (theoretical) adsorbate layer thickness becomes smaller than the pore radius, a meniscus forms, contrary to the adsorption case. This is because a liquid already exists inside the pore, as opposed to the adsorption case. Consequently the liquid will not disappear. Therefore, the maximum permeability in the desorption mode is found at lower relative pressures than in the adsorption mode (Fig. 4) .
In principle it is possible to quantify the multilayer diffusion and capillary condensation of propylene further, taking into account the pore structure of the y-alumina thin film. Theoretical models in the literature offer this opportunity [ 171. A much more detailed analysis of the adsorption behavior of propylene should be conducted, however.
Multilayer diffusion/capillary condensation of propylene: separation
In the previous section it has been shown, that the transport of propylene is largely enhanced by multilayer diffusion transport. According to Fig. 4 the permselectivity (the ratio between the pure gas permeabilities) for propylene over nitrogen becomes as high as 7.4 (Knudsen factor is 0.8). It is expected that separation factors can become even higher due to blockage of the pore by condensate. Therefore the separation of a 60% C3H,J40% Nz mixture employing the same system as in the permeability experiments, has been determined. Figure 6 presents the separation factor as a function of relative pressure. The preferentially permeating component is propylene. Separation factors up to 27 (corresponding to 2.5% N2 in the permeate) are found. Table 3 compares some separation factors with permselectivity data, calculated from Fig. 4 . This table shows, that at high relative pressures the separation factor is much higher than the OL 000 Rel. pressure permselectivity. This is due to blockage of the pore by propylene, which decreases the (gas phase) transport of nitrogen considerably. It is remarkable that the separation factor starts to increase very close to the point, where the y-alumina pores are filled with liquid (see Table 2 ). This point is given by the maximum of the adsorption branch in Fig. 4 . The relative pressure at which this maximum occurs, is also given in Fig. 6 by a dashed line. It can be seen that the separation factor starts to increase sharply just before this point. This implies, that multilayer diffusion only becomes effective rather close to the condensation point. After this point, the separation factor still increases. This is probably caused by the fact that the y-alumina thin film has a certain pore size distribution and not all pores will be filled with liquid at the same relative pressure. Therefore the separation factor still increases upon increasing the relative pressure.
The presence of condensate inside the pores is again demonstrated by the behavior of the separation factor in the desorption mode. Hysteresis is found, in accordance with the permeability measurements. Condensate inside the pores can cause blockage at relative pressures lower than in the adsorption mode. If only one single pore size existed, the separation factor would decrease sharply at one specific relative pressure. The existence of a pore size distribution in the y-alumina film makes this decrease more gradual.
Magnesia modified y-alumina thin films
The y-alumina system, used in the previous sections, was subsequently modified with magnesia according to the reservoir method [3] . The drying and reaction step were performed sequentially. The whole modification treatment was performed three times, finally resulting in a (theoretical) filling of 85% of the pore volume [3] . With this modified y-alumina system, the permeability and separation experiments with propylene and nitrogen were repeated. Figure 7 presents the propylene and nitrogen permeability of the magnesia modified system. By comparing Fig. 7 with Fig. 5 it is clear that the permeability of propylene as well as nitrogen has decreased drastically by a factor of about 20. This is due to the high load of magnesia, decreasing the pore volume and possibly the pore size. The propylene permeability does not show hysteresis (no difference has been found between adsorption and desorption mode at relative pressures below 0.85 ) . The existence of a maximum in the curve indicates the presence of condensate in the pores. Figure 8 presents the data of a cross flow separation experiment, with a gas mixture. Again the starting mixture consisted of 60% propylene and 40% nitrogen. At high relative pressures the separation factor increased to 85 (corresponding to 0.77% nitrogen in the permeate flow ) . This is much higher than the separation factor obtained with the non-modified system. Further comparison between the non-modified and modified system (Figs. 6 and 8 respectively) shows that in the latter vase the adsorption and desorption branch have become steeper. This means the separation factor in the modified membranes changes more sharply at a characteristic relative pressure. It indicates a more uniform pore size in the case of the modified system. Apparently the few larger pores have become smaller due to the modification treatment. Furthermore the desorption branch in Fig. 8 shifts to lower relative pressures compared with Fig. 6 . This is an indication of a pore size decrease due to the modification treatment. Consequently, the pore diameter of the modified y-alumina thin film must be below 3 nm. However, it must be larger than 2 nm, since hysteresis between adsorption and desorption occurs only in pores with a diameter above 2 nm (see e.g. Ref. [ 201) . Therefore, the mean pore diameter of the modified y-alumina thin film is between 2 and 3 nm, while the pore size distribution has become sharper after modification. It will be shown that it is possible to reduce the pore size even further to molecular dimensions (pore diameter < 1 nm) by another modification technique [ 231. This will greatly influence the transport mechanism and sharply increase the selectivity while maintaining a high permeability [ 231.
Conclusions
(1) Multilayer diffusion increased the propylene permeability through a supported y-alumina thin film by a factor of 10, compared to Knudsen transport.
(2) The point where the pores become filled with condensate is observed as a maximum in the permeability. At this point, transport is partly taken over by the slower liquid flow.
(3) A hysteresis was found between adsorption (increasing relative pressure) and desorption (decreasing relative pressure). This is due to the existence of a meniscus in the desorption mode.
(4) The permeability curve of propylene as a function of pressure could be understood by taking into account the slit shape of the pores and employing a semi-quantitative model that consists of six possible flow modes.
(5) Separation experiments with a propylene/nitrogen mixture over the y-alumina system gave separation factors up to 27 at a relative pressure of 0.85, where propylene is the preferentially permeating component. These high separation factors are due to blockage of the pores by (propylene ) condensate.
(6) Modification of the y-alumina system with magnesia improved the separation. In this case separation factors as high as 85 at a relative pressure of 0.80 were found. This increased separation efficiency is partly due to the disappearance of larger pores and partly to a small pore size decrease. The permeability, however, decreases by a factor of 20 compared to the propylene permeability in the non-modified system. Since it is possible to control to a large extent the modification process, it seems possible to optimize the separation factor and permeability.
(7) The advantage of using capillary condensation as a separation mechanism is the high achievable separation factors combined with very high fluxes. The disadvantage of this mechanism is, that a condensable component is necessary. So always temperature and/or pressure must be chosen in such a way, that condensation of at least one component of a mixture inside the pores of the membrane is possible. At higher temperatures this would require larger pressures.
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